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METHOD FOR MANUFACTURING SEMICONDUCTOR DEVICES AND 
INTEGRATED CIRCUIT CAPACITORS WHEREBY DEGRADATION OF 
SURFACE MORPHOLOGY OF A METAL LAYER FROM THERMAL 

OXIDATION IS SUPPRESSED 

Related Application 

This application is a divisional of U.S. Application Serial No. 10/101,353, 
filed March 19, 2002, which claims priority from Korean Patent Application No. 
2001-18961, filed on April 10, 2001, the contents of each of which are herein 
incorporated by reference in their entirety. 

Field of the Invention 

The present invention relates to a method for manufacturing a semiconductor 
device having a metal layer. 

Background of the Invention 

In integrated circuits, such as semiconductor devices, insulating layers and 
conductive layers are arranged in vertical and horizontal directions by a predetermined 
rule, and devices such as transistors, capacitors, interconnection layers, and plugs for 
connecting to interconnection layers, are formed by such arrangements. However, 
when semiconductor devices are formed on an upper portion of a first already-formed 
semiconductor device, the electrical characteristics of the firstly formed device may be 
changed and degraded by the later formed semiconductor device. 

An example of variation in the characteristics of a first semiconductor device 
resulting from a subsequent process in the formation of a second semiconductor 
device can be found in a capacitor. In general, when manufacturing a capacitor, a 
lower electrode is first formed of a conductive material on a substrate, and a dielectric 
layer is formed on an upper portion of the lower electrode. Before forming an upper 
electrode on the dielectric layer, the dielectric layer is crystallized by annealing at 
about 700°C to improve the dielectric property of the capacitor. Next, the upper 
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electrode is formed of a conductive material on the crystallized dielectric layer. In 
order to reduce leakage current caused by crystallization annealing at 700°C, curing is 
performed at about 400°C in an oxygen atmosphere. 

In a conventional metal-insulator-semiconductor (MIS) capacitor, polysilicon 
5 is used as a conductive material for a lower electrode and metal is used as a 

conductive material for an upper electrode. However, in more highly integrated 
semiconductor devices, the use of metal-insulator-metal (MIM) capacitors, in which 
lower and upper electrodes are formed of metal, is more common. Recently, noble 
metals such as platinum (Pt), ruthenium (Ru), iridium (Ir), rhodium (Rh), and osmium 

10 (Os), which do not react with the dielectric layer and have a high work function value, 
are used as upper and/or lower electrodes of capacitors. 

Among the above metals, there is little reaction of Pt with oxygen at an 
interface with a dielectric layer of the oxide family, so that the surface of the Pt does 
not significantly oxidize even in a high temperature heating process in an oxygen 

15 atmosphere where crystallization annealing and curing are performed to improve the 
dielectric property. However, the surface of metals such as Ru, Ir, palladium (Pd), 
Rh, or Os, can be easily oxidized in a crystallization annealing and/or curing process, 
which may cause the metal oxide surface to have an expanded volume, increased 
surface roughness, and more varied surface morphology. These effects can be 

20 particularly significant when using a curing process to improve an interfacial property 

between an upper electrode and a dielectric layer at over 400°C. 

In more highly integrated semiconductor devices, electrodes of a capacitor are 
typically thinner, and metal oxide is typically formed at lower temperatures. For 
example, a photo of a state in which a ruthenium (Ru) layer having a thickness of 

25 1000 A is heated (cured) in an oxygen atmosphere at 400°C, is shown in FIG. 1A, and 

a photo of a state in which a Ru layer having a thickness of 300 A is heated (cured) at 
the same temperature, is shown in FIG. IB. As shown in FIGS. 1 A and IB, the 
surface roughness of the thinner layer increased more, and its surface morphology 
became more varied, compared to the thicker layer. As shown in FIG. 2, swells 2 of 
30 ruthenium oxide (RUO2) are formed on the surface of an Ru layer 1 by thermal 

oxidation. The presence of the swells 2 (FIG. 2) and as shown in FIG. 1 A renders 
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the surface of Ru layer 1 not substantially flat which, when used within a capacitor, 
can result in an increase in the resistance and leakage current of the capacitor. 

Thus, in order to reduce leakage current and resistance when using metals such 
as Ru, Ir, Pd, Rh, or Os to form electrodes of a capacitor, a technology for suppressing 
5 degradation of the surface of the metals is required. 

Summary of the Invention 

According to embodiments of the present invention, methods of manufacturing 
a semiconductor device having a metal layer are provided which may limit changes to 
10 the surface roughness of metal layer during a curing process for the device. 
According to some embodiments, a metal layer is formed on a semiconductor 
substrate. The metal layer is pretreated by low temperature-oxidation at a first 

temperature, for example, about 150°C , so that an upper surface of the metal layer is 

changed into a mixed phase of metal and oxygen. The metal layer is then heated at a 

1 5 second temperature higher than the first temperature, for example, about 400°C, in an 

oxygen atmosphere. 

In further embodiments, the metal layer is sufficiently oxidized during the low 
temperature oxidation pretreatment so that it is substantially resistant to further 
oxidation during a higher temperature heating, such as during a curing process to 

20 change a predetermined interfacial property between the metal layer and another 

semiconductor layer. The pretreatment is performed at a temperature and for a time 
duration for which the surface roughness of the metal layer is not substantially 
changed but for which it is rendered substantially resistant to further oxidation. By 
rendering the metal layer substantially resistant to further oxidation while not 

25 substantially changing its surface roughness, the surface roughness of the metal layer 
will be substantially resistant to change from oxidation during a subsequent higher 
temperature heating process. 

Brief Description of the Drawings 

30 The present invention will become more apparent by describing in detail 

embodiments thereof with reference to the attached drawings in which: 
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FIGS. 1 A and IB are scanning electron microscope (SEM) photos showing the 
surface morphology of a 1000A thick ruthenium (Ru) layer and a 300A thick 
ruthenium (Ru) layer, respectively, after undergoing heat treatment in an oxygen 
atmosphere according to the prior art; 
5 FIG. 2 illustrates ruthenium oxide (Ru0 2 ) swells formed on an Ru layer by 

heat treating the Ru layer in an oxygen environment according to the prior art; 

FIGS. 3A through 3C are cross-sectional views of intermediate fabrication 
products illustrating exemplary operations of a method for forming a metal layer using 
a two step heating process according to embodiments of the present invention; 
10 FIGS. 4A through 4E are SEM photos showing the surface morphology of the 

Ru layer according to variation in plasma annealing time using the method of FIGS. 
3A-3C; 

FIG. 5 is a graph illustrating the results of X-ray diffraction analysis of the 
surface of the Ru layer of FIG. 4D; and 
1 5 FIG. 6 is a graph illustrating the results of X-ray diffraction analysis of Ru0 2 

of a conventionally formed Ru layer. 



Detailed Description of the Invention 

The present invention will now be described in greater detail with reference to 
20 the accompanying drawings, in which preferred embodiments of the invention are 
shown. This invention may, however, be embodied in many different forms and 
should not be construed as limited to the embodiments set forth herein. Rather, these 
embodiments are provided so that this disclosure will be thorough and complete, and 
will fully convey the scope of the invention to those skilled in the art. In the 
25 drawings, the thickness of layers and regions are exaggerated for clarity. It will also 
be understood that when a layer is referred to as being "on" another layer or substrate, 
it can be directly on the other layer or substrate, or intervening layers may also be 
present. Like numbers refer to like elements throughout. 

FIGS. 3 A through 3C are cross-sectional views of intermediate fabrication 
30 products illustrating exemplary operations of a method for forming a metal layer using 
a two step heating process according to embodiments of the present invention. In 
FIG. 3A, a metal layer 4 is formed on an insulating layer 3 which, in turn, is formed 
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on a semiconductor substrate (not shown). The metal layer 4 can be formed by a 
chemical vapor deposition (CVP) process. 

In FIG. 3B, a pre-treatment process is performed in which the metal layer 4 is 
oxidized at a temperature lower than that of a subsequent curing process. During 
5 pre-treatment, the metal layer 4 is exposed to a plasma, including oxygen and 

substantially free of argon (Ar), for a predetermined time so as to change a portion of 
the metal layer 4 into an upper surface layer 5 of mixed phase oxygen and metal 
overlying a portion of 4a. The plasma may be a mixture of helium (He) and 
oxygen, a mixture of N 2 and oxygen, or one or a mixture of more than one of N 2 0, NO 
10 and N0 2 . Alternatively, the upper surface layer 5 of mixed phase oxygen and metal 
can be formed by treating the metal layer 4 with ozone (0 3 ) or H 2 0. 

In FIG. 3C, a curing process is performed in which the metal layers 4a and5 
are further heated in an oxygen atmosphere at a sufficiently higher temperature than 
that used for the pre-treatment process to change a predetermined interfacial electrical 
1 5 property between the metal layer 4a and the insulating layer 3 . Since the upper 

surface layer 5 was formed as a mixed phase oxygen and metal by the pre-treatment 
process, further oxidation of the upper surface layer 5 and metal layer 4a can be 
substantially suppressed during the curing process. By substantially suppressing 
further oxidation, the surface roughness or morphology of the upper surface layer 5 
20 can remain substantially unchanged by the curing process. 

The metal layer can be formed of a material or a combination of more than one 
material selected from the group consisting of ruthenium (Ru), iridium (Ir), rhodium 
(Rh), palladium (Pd), and osmium (Os). When such a metal layer is used as an upper 
electrode of a capacitor, a dielectric layer formed beneath the metal layer can be 
25 formed of a material selected from the group consisting of Ta 2 0 5 , SrTi0 3 (STO), (Ba, 
Sr)Ti0 3 (BST), PbTi0 3 , Pb(Zr, Ti)0 3 (PZT), SrBi 2 Ta 2 0 5 (SBT), (Pb, La)(Zr, Ti)0 3 , 
Bi 4 Ti 3 Oi 2 , and BaTi0 3 (BTO). 

The time and temperature for low temperature oxidation and curing can vary 
depending on the kind of metal and the thickness of the metal layer, material and 
30 thickness of the dielectric layer beneath the metal layer, and other process conditions. 
The temperature for low temperature oxidation and the time duration of heating are 
selected to be sufficiently high so that the upper surface layer 5 is oxidized in a 
manner to render it substantially resistant to further oxidation during the higher 



5 



Attorney Docket No. 5649-942DV 



temperature heating of the curing process. However, the temperature and time 
duration for low temperature oxidation are also selected to be sufficiently low so that 
the roughness of the upper surface layer 5 is not substantially changed by the low 
temperature oxidation process. The time and temperature for the curing process are 
5 selected to sufficient for achieving a desired predetermined change in the interface 
electrical property between the metal layer 4a and the insulating layer 3. 

The results of applying the present invention to form an Ru layer having a 
thickness of 300A are shown in FIGS. 4A through 4E, and 5. Specifically, FIGS. 4A 
through 4E show the results of forming the ruthenium (Ru) layer having a thickness of 
10 300A on Ba x Sr ( i_ x )Ti03(BST), then pre-treating the Ru layer by exposing it to plasma 

formed of 0 2 (5%) and N 2 (95%) at 150°C for 50, 100, 200, 300, and 400 seconds, 

respectively, to low temperature oxidize the Ru layer, and finally curing the Ru layer 

in an oxygen atmosphere of 400°C. The pre-treating process forms a Ru-O mixed 

phase uniform layer within the upper surface of the Ru layer. The Ru-O mixed phase 

15 layer is highly resistant to oxidation and suppresses the formation of ruthenium oxide 
(RUO2) during the subsequent curing process. Since the formation of Ru0 2 on the 
surface of the Ru layer can increase the roughness of the surface of the layer, 
suppressing formation of Ru0 2 during the subsequent curing process can suppress 
changes in the surface roughness of the Ru layer. As shown in FIGS. 4A through 4E, 

20 as the pre-treating time increases, the surface roughness of the Ru layer is changed 

less by the curing process. In particular, when the Ru layer is pre-treated for at least 
300 seconds (FIGS. 4D and 4E), the surface roughness of the Ru layer is substantially 
unchanged by the curing process. 

The ability of the pre-treatment process to suppress the formation of Ru0 2 on 

25 the surface of the Ru layer during the curing process is illustrated in FIG. 5 as 

compared to FIG. 6. FIG. 5 is a graph illustrating the results of x-ray diffraction 
analysis of the surface of the Ru layer of FIG. 4D. As shown in FIG. 5, the 
pre-treatment process suppressed the formation of Ru0 2 during the curing process. 
In contrast, FIG. 3 shows the amount of Ru0 2 which is formed on the Ru layer when 

30 the pre-treatment process according to the present invention is not used before a 
curing process. 
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In summary, pre-treatment of the metal layer forms a mixed phase metal and 
oxygen surface layer which serves to suppress oxidation of the metal layer during a 
subsequent curing process at a temperature which is sufficiently higher to change a 
predetermined interfacial property between the metal layer and another semiconductor 
5 layer. By suppressing oxidation during the curing process, the surface roughness or 
morphology of the upper surface layer remains substantially unchanged. For 
capacitors in which a dielectric is subsequently formed on the upper surface of the 
metal layer after the curing process, smoothness of the metal layer can contribute to an 
improved interface between the dielectric and the metal layer and can provide reduced 
10 leakage current in the capacitor. 

While this invention has been particularly shown and described with reference 
to preferred embodiments thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein without departing from the 
spirit and scope of the invention as defined by the appended claims. 
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